Optical coherence tomography (OCT) is a noninvasive method for retinal imaging. In this work, we present an in vivo human retinal microvascular network measurement by an intensity-based Doppler variance (IBDV) based on sweptsource OCT. In addition, an automatic three-dimensional (3-D) segmentation method was used for segmenting intraretinal layers. The microvascular networks were divided into six layers by visualizing of each individual layer with enhanced imaging contrast. This method has potential for earlier diagnosis and precise monitoring in retinal vascular diseases.
INTRODUCTION
The visualization of retinal vascular morphology allows earlier diagnosis and precise monitoring of several retinal diseases, such as diabetic retinopathy, retinal vascular occlusive disease, and choroidal neovascularization. In clinics, fundus fluorescein angiography is widely used as the gold standard for vascular imaging of retina and choroid. However, it is invasive and can only provide two-dimensional (2-D) imaging of the fundus. 1, 2 Optical coherence tomography (OCT) is a noninvasive imaging modality with high-resolution which can provide threedimensional (3-D) structural imaging of the macula and optic nerve head. Doppler OCT is a functional extension of OCT, which was developed for visualization and measurement of the blood flow in blood vessels. [3] [4] [5] Phase-resolved Doppler variance method was first investigated for mapping blood vessels. 6, 7 More recently, several amplitude variance methods, such as speckle variance, 8 correlation mapping, 9 split-spectrum amplitude-decorrelation angiography, 10 intensity-based Doppler variance (IBDV), [11] [12] [13] have been introduced for microvascular imaging. Compared with the phase-resolved method, the amplitude variance methods do not depend on phase stability. By employing the IBDV method, we successfully mapped the human choroidal blood vessel network in a phase instable situation.
11
The vascular morphology of intraretinal layers can be obtained by combining OCT angiography with 3-D segmentation of intraretinal layers. Several segmentation methods have been successfully applied in 2-D segments of the intraretinal layer. The 3-D surfaces of the retina can be obtained by applying these 2-D based algorithms independently on each image. Compared with 2-D-based methods, 3-D-based segmentation methods can make full use of the information from neighboring B-scans and help improve the accuracy and robustness of the algorithm. A fast 3-D expansion of the dynamic programming method was demonstrated for vessel boundary detection on magnetic resonance imaging sequences with improved efficiency and robustness. 14 Here, we report a method that combines the 3-D dynamic programming segmentation with IBDV based on swept-source OCT (SS-OCT) for visualizing microvascular morphology of intraretinal layers in vivo in normal and high myopia subjects. The microstructure network with the 3-D structure of the retina has potential for early diagnosis and precise monitoring in retinal vascular diseases. 
METHODS
The SS-OCT system used to acquire the OCT data is illustrated in Figure 1 . The setup has been described in previous reports. 15, 16 A commercially available swept laser centered at 1050 nm with a 100-nm tuning range (Axsun Technologies, Inc, Billerica, MA, USA) was used. The wavelength sweeping speed was 100 kHz repetition rate with 50 % duty cycle. The laser was coupled to sample arm (20%) and reference arm (80%) by an 80/20 fiber coupler. The average power on the sample arm was measured as 1.8 mW. The light was scanned by an X-Y galvanometer scanner and guided in to the sample eye by a scan lens, a dichroic mirror and an eye lens. The dispersion of the ocular media was compensated by glass blocks in the reference arm. The interference fringes signal was digitized by a 500 MHz data acquisition board (ATS 9350, 12 bit, Alazar Technologies Inc., Pointe-Clarie, QC, Canada). We measured axial resolution as 6.4 μm and the imaging range as 3.0 mm at the retina. The signal-to-noise ratio (SNR) of the system was 95 dB and the 3-dB sensitivity of roll-off from imaging depth of 0.1 mm imaging to 1.5 mm was measured. Three right eyes (two normal subjects and one high myopia patient) were measured to demonstrate the feasibility of the method. A custom-built data acquisition and processing software was developed with Microsoft C ++ 2012 with GPU computing acceleration. Each set of 3-D measurements was composed of 200 slices of 400 A-lines over an area of 2.5 mm × 2.5 mm. Each slice was composed of eight sequential B-scans at the same position. Figure 2 shows the flow diagram of the IBDV method combined with 3-D segmentation after obtaining the complex OCT data by preprocessing the interference signal.
The IBDV method was used to visualize the retinal microvascular network. 11 The time difference ( ) was increased by using the interframe method. A subpixel registration algorithm was used to align sequential B-scans in both fast transverse direction , and axial direction . The variance value ( ) between sequential B-scans in the same position is given by
where is the number of the depth points that are averaged and is the number of B-scans at the same position. The SNR can be increased by choosing larger , . In this application, the is the set at 2 and the is the set at 8. , denotes the amplitude value which is extracted from the complex OCT data. Finally, a threshold based on the histogram analysis of the averaged intensity images is used to remove the noise.
The boundaries of each layer were required to obtain the intraretinal layers. We used a 3-D expansion of the dynamic programming method for the automated boundaries detection. In the 2-D image, each pixel is treated as a node in the graph, and the links connecting the nodes are called edges. The values of the links are assigned based on the intensity of the pixels. The start node is a virtual node which connects to the nodes in the first column in the image and the weights are assigned to zero. Correspondingly, the end node is also a virtual node which connects to the nodes in the last column. The boundaries can be found by searching the minimum cost of the path from the start node to the end node. For the 3-D image, the surfaces of the layers were achieved by sequentially performing the search process in the fast scan plane and slow scan plane. The dynamic programming provides and efficient optimization method to find the minimum cost of the surface. 
where ( , , ) is the gradient value of the node ( , , ) which is normalized to values between 0 and 1. The , set at 1 × 10 , is the minimum weight for system stabilization. The flow diagram of the IBDV with 3-D segmentation is shown in Figure 2 . Eight consecutive B-scans were averaged after registration. A 3-D median filter was applied to the volumetric data using a window size of 5×3×5 voxels. The initial location of the retina could be obtained from the A-scan profile. It was determined by the inner limiting membrane (ILM, the first high reflective increase from the inner side of the retina) layer and retinal pigment epithelium (RPE, the highest peak after the ILM layer) layer. Finally, the surfaces of ILM, nerve fiber layer (NFL)/ganglion cell layer (GCL), inner plexiform layer (IPL)/inner nuclear layer (INL), INL/outer plexiform layer (OPL), OPL/outer nuclear layer (ONL), inner segment (IS)/ outer segment (OS), and RPE/choroid were detected by the automatic algorithm. Combined with the 3-D surfaces data, the volumetric microvascular signal of the retina could be segmented into different layers from the IBDV dataset. The en face projection view of the microvascular network for intraretinal layers was produced by using the maximum intensity projection (MIP) method. 
RESULTS
Three right eyes (two normal subjects and one high myopia patient) of volunteers were measured. A fixation target was used to control the location of the measurement. Figure 3 shows the 2-D wide-field image of macula and optic nerve head of a healthy eye. Eight B-scan images were averaged for increasing detection sensitivity and resolution. The total field of view is approximately 35 degrees. The 3-D segmentation of an imaging area of 2.5 mm × 2.5 mm is shown in Figure 4 (a). The retina from ILM layer to RPE/choroid boundary can be divided in to six layers, and seven surfaces of the intraretinal layers were segmented automatically by the algorithm [ Figure 4 (b) ]. The total processing time for extracting the surface was ~8 second, and the results were close to the manual segmentation. From the maximum intensity projection, the capillary network around the foveal avascular zone can clearly be visualized. The microvascular network of the macular retina was divided into six layers. In Figure 6 
CONCLUSION
We have demonstrated a 3-D segmentation combined with IBDV based on a SS-OCT system at 1050 nm. Using this method, three right eyes were imaged and 3-D data of the retina centered on the macula with 2.5 mm × 2.5 mm image area obtained. The seven surfaces of six layers were successfully segmented automatically, and microvascular networks on each layer were acquired. The morphology of the microvascular network for the individual intraretinal layers can be visualized, and the segmentation method can also be used to enhance contrast of the vascular images. This method has potential for earlier diagnosis and precise monitoring in retinal vascular diseases.
